Waste recycling with increasing the lifecycle of resource is a novel approach for enhancing circular economy. Within this context, this study aims to give a second life cycle to phosphogypsum (PG) waste, which is a byproduct from phosphoric acid manufacture, as useful resources. This study evaluates the sustainability of this harmful waste, which is accumulated in large stockpiles and becomes hazardous during storage, and to stabilize bentonite-based concrete intended for road construction. The effect of raw bentonite (Ca-Na montmorillonite), PG, and lime on the properties of cementitious materials has been investigated through various tests. The properties examined include chemistry (X-ray Fluorescence Spectrometry), mineralogy (X-ray Powder Diffraction and Fourier-Transform Infrared Spectroscopy), calorimetry (Differential Thermal Analysis/Thermogravimetry) and microstructure (Scanning Electron Microscopy) of the mortar based on different mixtures of bentonite, PG and lime. The result show that lime and PG addition involves in the formation of new nanocrystalline phases and the disappearance of certain minerals as portlandite. Calcium silicate hydrate gel appeared in the mixture with 8% of lime, whereas strätlingite was neoformed in the mixture with 8% of lime and 8% of PG. These nanocrystalline phases are responsible for enhancing mechanical strength through the pozzoloanic reaction.
Introduction
Phosphogypsum (PG), produced from phosphoric acid production, consists mainly of CaSO 4 ·2H 2 O and some impurities such as P 2 O 5 , F − , and organic substances. Many phosphate fertilizer-producing countries face problems of PG waste with the high waste yield (5 kg PG generated 1 kg of phosphoric acid produced) [1] .
The annual world production of PG has been estimated to be around 200-300 Mt [2] . Most of this byproduct (85%) is stored in large stockpiles without any treatment. About 15% of this waste is re-used in building materials, soil amendment for soil remediation, agricultural fertilizers and Portland cement manufacture (e.g., [3] [4] [5] [6] [7] ).
In Morocco the annual production of PG is estimated at 20 Mt. It is accumulated in large stockpiles which occupy vast land areas and then discharged into the sea when pile is full [8] . The discharge causes environmental damage when they interact with aquatic environments [9, 10] .
Over the last years, attempts were made to use PG in a wide range of applications such as road and rail works fills and building constructions, in particular in concrete and supersulfated cement, and high alumina cement [11] [12] [13] [14] .
Lime is natural pozzolans, widely used to improve durability of the concrete against chemical attack, mainly due to reduced permeability [15, 16] . Raw lime (CaO) is formed from the process of decarbonation of calcareous rocks by heating. It is available at low cost and generates a low ecological footprint. Raw bentonite can be improved by adding low percentages of lime, involving in short-term and long-term reactions [17] . Short-term reactions include ion exchange, flocculation and carbonation. The long-term pozzolanic reactions enhance the resistance and compressibility of clays [18] .
Bentonite mixed with lime is used in different fields as in biochemistry for remediation of oil contaminated soil [19] as additives to stabilize organic and inorganic pollutants [20] , and to decrease swelling behavior of clay and enhance its mechanical resistance [21] . Calcium sulfate (e.g. gypsum) was successfully tested as a stabilizing agent for expansive clay soils [22, 23] .
PG further improves binder action and promotes a rapid reaction between lime and fly ash for road base materials [24, 25] . However, suitability of PG and lime aggregates to stabilize bentonite has been poorly studied. In addition, the majority of previous studies use chemically modified clay and heated lime and clay to stabilize soil.
This study falls within the framework of sustainable management of resources by recycling waste and limiting energy consumption during calcination process. For this purpose, bentonite, lime and PG are tested for binder action, in their raw state without any calcination and chemical modification. In addition, chemical study of microstructure of different mixtures with the addition of lime and PG on stabilization of clay is lacking. Thus, the present study aims for a better understanding of chemistry and microstructure changes occurring in different amounts of lime and PG.
Materials and methods

Raw materials
The bentonite used in this study is belonging to the Trebia deposit, situated at about 18 km west of the Nador city (Northeast Morocco). The Trebia deposit has mineable reserves of~1.25 Mt. Genesis of this bentonite is linked to hydrothermal activity of the Gourougou volcano over the Neogene. This deposit is associated with rhyolitic-pyroclastics lava and pearlites [26] . Bentonite from this area comprises of dioctahedral smectite, with high swelling behavior, high compressibility and poor strength when hydrated [27] .
The hydrated lime, Ca(OH) 2 , used in this study is an industrial material destined to the local Moroccan market (Oujda, Northeast Morocco). The PG (CaSO 4 ·2H 2 O) is a phosphate industry waste from the Cherifien office of Phosphate of Jorf Lasfaar (El jadida, Morocco).
Aggregates preparation
Bentonite, lime and PG are used in their raw state without any calcination and chemical modification. The samples are labeled referring to the content of lime, PG and bentonite. Different mixtures of bentonite-lime and bentonite-lime-PG were prepared by mixing variable percentages of lime (from 5, 8, 10 to 15%) and PG (from 2, 4, 8 to 10%) by dry weight of bentonite. Water was added to the mixture of dry materials until the mass attained uniform consistency. Afterward, the mix was placed inside of a cylindrical mold with a diameter of 1.3 cm and a height of 2.3 cm. The specimen was extracted and placed in airtight polythene bags, which were placed inside a desiccator for curing for 3, 7, 14 and 28 d. The specimen was taken out of the desiccator and polythene bag after the desired period of curing and tested for unconfined compressive strength, Differential Thermal Analysis/Thermogravimetry (DTA/TG), X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).
Experimental procedures
Raw bentonite, lime, PG and different mixtures were characterized using XRD, X-Ray fluorescence (XRF), DTA/TG and Fourier-Transform Infrared Spectroscopy (FTIR) techniques.
The mineralogical composition was identified on powdered samples (< 250 μm size fraction) by XRD using a powder Brucker D8-Advance diffractometer, with copper anticathode (University of Liege, Belgium). The angular range between 5°and 60°2θ. The X-ray patterns were analyzed by the DIFFRACplus EVA software (Brucker) and mineralogical phases were determined semi-quantitatively (± 5%).
For bentonite, additional measurements were performed on oriented aggregates prepared from the < 2 μm fraction obtained by suspension of bulk sample in distilled water. The < 2 μm fraction was retrieved from the suspension according to Stoke's law, placed on a glass slide and the XRD patterns recorded between 2°and 30°2 θ using the same step size and time per step parameters. To identify the clay phases on the < 2 μm fraction, the oriented aggregates were subjected to three successive treatments, i.e., air drying, ethylene glycol saturation and heating to 500°C for 4 h.
XRF spectroscopy using a PanalyticalAxios spectrometer equipped with Rh-tube (University of Liege, Belgium) was used to determine chemical composition of major elements.
DTA/TG analysis was carried out using a TGA-2000 Analyzer under atmospheric conditions (University of Liege, Department of Geology, Belgium). The samples were heated from room temperature to 1000°C with a rate of 5°C min − 1 .
The NICOLET NEXUS Fourier Transform Spectrophotometer from the University of Mohammed Premier (Oujda, Morocco) was used to determine the groups of vibrations in the raw material. The wavelengths range from 400 to 4000 cm − 1 with the spectral resolution at 4 cm − 1 . Samples were prepared by mixing 1% of the compound with KBr.
The compressive strength was determined according to the uniaxial resistance test using a worm gear motor controlled by a Microstep Drive (Parker) and a compumotor PC23 adaptor (University of Liege, ArGEnCo Laboratory, Belgium). A constant speed charge of 144 kN min − 1 is applied until the block is broken.
SEM images were performed on raw bentonite and different mixtures using a Philips microscope model XL30 (University of Liege, Belgium). In situ chemical composition was determined by energy-dispersive X-ray spectroscopy. The images were obtained with a secondary electron detector at a voltage of 10 kV on goldsputtered powdered samples.
Results
Characterization of raw materials
The XRD spectrum of bentonite shows a dominance of smectite with characteristics diffraction peaks at 6.2, 19.9, 27.7 and 34.6 2θ ( Fig. 1 ). K-feldspar and plagioclase with small amount of quartz form this raw bentonite. Regarding the clay < 2 μm fraction, the results indicate a diffraction peak at 7.2 2θ under air dried, showing an expansion of the 001 reflection to around 5.2 2θ upon ethylene glycol saturation run, and collapses to 9.0 2θ after heating at 500°C. The d001-value of smectite peak is sharp and symmetric suggesting its neoformed origin ( Fig. 2 3 .
PG sample contains calcium sulfate dihydrate CaSO 4 ·2H 2 O, calcite and quartz ( Fig. 1 ). Chemically, PG is mainly composed of SO 3 (46.9%), CaO (31.5%), MgO (1.6%) and P 2 O 5 (0.4%). PG also contains some impurities of environmental concern such as residual acids, fluorides, sulphate ions, trace metals (e.g., Cr, Cu, Zn, Cd, Ba, Cu, Ni, Sr, U, etc.), and organic matter as aliphatic compounds of carbonic acids, amines and ketones [28, 29] . Lime sample is mainly composed of CaO (69.5%), MgO (4.3%), Al 2 O 3 (1.2%) and SiO 2 (1.0%).
The DTA/TG results ( Table 2) show an endothermic peak at 135°C for bentonite, associated with a loss of mass of 10%, mainly due to desorption of physisorbed water molecules. Two other endothermic peaks are observed at 520 and 680°C, accompanied by a loss of mass of 3.6 and 1.2%, respectively, mainly related to dehydroxylation of montmorillonite. For PG, a loss of mass of 20% is observed between 125 and 450°C accompanied by an endothermic peak at 180°C due to PG dehydration (CaSO 4 · + 2H 2 O → CaSO 4 ). In addition, two other endothermic peaks are observed at 475 and 780°C. They are accompanied by a loss of mass of 23% due to the decomposition of portlandite on free lime (Ca(OH) 2 → CaO + H 2 O). According to the TG data, the degree of hydration of bentonite is n = 3.
The FTIR spectra of the raw materials are shown in Fig. 3 . This spectrum exhibits several bands and the assignment of the FTIR absorption bands is shown in Table 3 . The SEM images of raw bentonite are reported in Fig. 4 , show typical form of authigenic montmorillonite as honeycomb structures.
Characterization of the mixtures
The XRD diffraction patterns of the Bentonite + 8% Lime and Bentonite + 8% Lime + 8% PG samples show the appearance of calcium silicate hydrate (CSH) gel (CaO, SiO 2 , H 2 O) at d = 3.0 Å (29.4 2θ, Fig. 1 ). This nano-crystalline compound has a short distance structuring (< 100 Å); this is equated with gel occurrence. Furthermore, strätlingite is neoformed only in the Bentonite + 8% Lime + 8% PG sample at d = 4.2 Å (22.0 2θ, Fig. 1 ).
In raw bentonite, the diffraction reflection of montmorillonite is at d = 13.0 Å (9.8 2θ) has changed its shape in the Bentonite + 8% Lime and Bentonite + 8% Lime + 8% PG mixtures. It is larger with an extension towards 12 Å (7.4 2θ) and 14 Å (6.3 2θ), suggesting a transformation of montmorillonite into illite-smectite mixed layers (Fig. 1) . This transformation is associated with the appearance of silicates aluminum and calcium (strätlingite, CSH) at d = 12.5 Å (7.1 2θ). In the Bentonite + 8% Lime mixture, a significant increase in the intensity of feldspar (anorthite) reflection at d = 3.2 Å (27.8 2θ) is observed by comparison to the raw bentonite. However, in the Bentonite + 8% Lime + 8% PG mixture, a decrease in the peak intensity of plagioclase can be observed compared to the raw bentonite. It reflects the hydrolyzing conditions, as underlined by the change in pH of the mixture (Table 4 ).
Compressive strength of the mixtures is shown in Fig. 5 . At the early age (3 d) all the mixtures yielded higher compressive strengths (Max = 0.032 MPa) than the raw bentonite. After 14 d, the compressive strengths of the mixtures increase with the curing age. The higher compressive strength is noticed for the Bentonite + 8% Lime + 8% PG mixture up to 28 d (~0.10 MPa). The lime combined with PG enhances pozzolanic properties and particle packing density, improving concrete strength and density.
On SEM images the montmorillonite crystals present a different shape with the addition of 8% of lime in comparison to the raw bentonite ( Fig. 4d-f ). SEM images confirm the appearance of CSH gel ( Fig. 4h and g ) . These nano-particles influence the crystallographic structure of bentonite. The montmorillonite crystals are still visible as the former ones, but capped by the CSH gel. A further alteration of montmorillonite crystal is evidenced for the Bentonite + 8% Lime + 8% PG mixture, associated with nano-silica gel development.
Discussion
Compressive strength and microstructural characteristics
Natural pozzolans are tremendous source of reactive silica and alumina required for geopolymer synthesis as an alternative binder for Portland cement. Factors affecting the degree of geopolymerization are particle size, type and concentration of alkali activators and curing conditions [30, 31] . In particular, Al 2 O 3 supplied by bentonite improves mechanical properties of the material by increasing the geopolymeric phases (gels and sträntlingite) which imprisons the initially crystalline phases of the starting material, and reduce the efflorescence [32] .
The appearance of sträntlingite and calcium gels in the mixtures attests for the increasing of mechanical resistance through pozzolanic reactions or geopolymerization. Those reactions imply the formation of new crystalline phases and the disappearance of some minerals initially present in the raw material. The decrease of reflection intensities of K-feldspar and the disappearance of calcite Table 4 ). CSH phases are formed, due to the presence of CaO as natural pozzolan in the mixture and the small amount of Na 2 O (< 2%). The addition of 8% of hydrated Ca(OH) 2 lime to the Na-rich montmorillonite induces the adsorption of Ca 2+ and the responsiveness of OH − ions, thus increasing the negative charge of the surface. The addition of more lime resulted in the appearance of flocs, so the OH − ions dissociate these weakly acidic flocs to provide additional negative sites for binding the clay particles to the Ca 2 + ions.
Pozzolanic reaction starts with an attack on the SiO 2 or Al 2 O 3 -SiO 2 by OH − ions, and breaks of bonds between the silicon and oxygen atoms [33] . When lime is added, the pH increases to~10.5, leading to hydrolyzing of the feldspar that affects the crystalinity of montmorillonite ( Table 4 , Fig. 4a-c 
The alumina and silica can then combine with Ca 2+ and OH − , at pH = 12.4, to form CSH and calcium aluminate hydrate (CAH) gels [35] .
When PG is added, strätlingite occurs in alkaline conditions through secondary reaction; CSH + CH + AH 3 + 3H → C 2 ASH 8 [36] . Its occurrence is compatible with the presence of gypsum and calcite and it binds insignificant sulfate and carbonate [35] .
Thermogravimetric analyses do not show any significant mass loss during geopolymerization in the mixtures ( Table 2) . Pozzolanic reaction may be associated with a low mass loss [31] . 
Influence of pH
Bentonite-lime mixture (pH = 9.6)
The weakly basic character of montmorillonite (pH = 8.5) can be explained by the fact that montmorillonite consists of two siliceous basal surfaces that tend to release hydroxyl ions into the solution. The slight increase in pH of the bentonite-lime mixture (pH = 9.6) favors cementation due to pozzolanic reactions (Table 4 ). This reaction needs time and a highly alkaline environment (pH = 12.4) [37] . The formation of silicate and aluminum hydrates is caused by the substitution of the cations in montmorillonite by Ca 2+ ions [38] . The strength of limetreated bentonite primarily depends on the dissolved SiO 2 and Al 2 O 3 available for pozzolanic reactions, as well as on the abundance of Ca 2+ and OH − . Once all the ions Ca 2+ and OH − are consumed, the pH drops and the pozzolanic reactions cease [39] . In a solution containing silicates, when sufficient calcium ions are introduced ([Ca 2+ ] > 1.7 mM), the calcium hydroxide reacts with silica in bentonite based mixture to form silica gel [40] . The pH reduction is due to lime consumption for pozzolanic reaction as cation exchange does not affect the OH − concentration. The slow decrease in pH is due to the slow activity of the reaction at room temperature, the decrease in calcium amount and the extension of curing time [41, 42] .
Bentonite-lime-phosphogypsum mixture (pH = 8.8)
The gypsum originating from PG fills up the void spaces left out after the rapid reaction of bentonite with lime, resulting in base exchange aggregation and flocculation [43] . The presence of gypsum in lime-stabilized clay provides further Ca 2+ cations in addition to those provided by lime and [SO 4 ] 2− anions. The supply of Ca 2+ cations increases the overall number of cations attracted to the surface of montmorillonite particles [38] . Alternatively, montmorillonite dissolution rate strongly depends on the pH of the solution, with a minimum value between 8 and 8.5 [44] . In addition, the presence of organic matter in PG, such as humic and fulvic acids will further increase cation exchange capacity of bentonite [45] . This results in increasing Ca 2+ amount to satisfy the cation exchange capacity of the mixture and thereby reduces the amount of Ca 2+ available for CSH formation [46] . The occurrence of F − together with PO 4 3− containing in PG causes the formation of inactive and protective coatings of Ca 3 (PO 4 ) 2 and CaF 2 compounds on the surface of cement grains in the mixture. This should temporarily stop the hydration of cement [47] .
The pozzolanic reactions are also modified by sulphates occurrence in the parent aggregate material [48] . The PG has a residual acidity giving a pH = 2.7. According to Falaras et al. [49] , the activation with concentrated acids increases the acidity of the surface, leading to the destruction of the crystal lattice. This should change the number of active sites (i.e., release of oxides of aluminum and silicon), and therefore the pozzolanic reactions are accelerated by the presence of PG [24, 49] .
The influence of Ca, Al, Na and Si
The lime addition increases the Ca/Si ratio of bentonite. Moreover, the Na/Si ratio also increased, leading to the migration of Na + ions to the surface resulting from the substitution by Ca 2+ ions. Cementation occurs as a result of CSH gel development on the grain surface of montmorillonite, thereby increasing the content of Ca 2+ . The Si/Al ratio of lime-bentonite decreases and allows the inception of aluminate formation of CAH gel and strätlingite. The lower content of calcium hydroxide prevents or postpones the formation of ettringite. The latter is inhibited at an early stage and instead strätlingite (Ca 2 Al 2 SiO 2 (OH) 10 ·3H 2 O) forms with soluble silicates [50] .
The PG addition decreases the Ca/Si and Si/Al ratio. Ca 2+ and Al 3+ are consumed by the strätlingite formation (gehlenite hydrate) and CSH gel [51] . Winnefeld and Lothenbach [52] concluded that strätlingite cannot coexist with gypsum or portlandite. Portlandite appears as a stable phase and replaces strätlingite. In our case, the occurrence of phosphates, fluorides and sulfates present in PG stabilized strätlingite. Portlandite (d(hkl) = 2.627 Å) was not detected by XRD nor SEM in the bentonite-lime-PG mixtures. 
Conclusions
The effect of raw bentonite (Ca-Na montmorillonite), PG waste, and lime on the properties of cementitious materials has been investigated through various tests. Mechanical strength was improved for cement based on 8% of lime mixed with bentonite. Cementation implies disappearance of portlandite and the formation of CSH nanocrystalline phases. Further increases in mechanical strength occurred when 8% of PG waste was added to 8% of lime and bentonite. This improvement is the consequence of strätlingite neoformation through pozzoloanic reaction. This reaction occurs simultaneous with the hydrolysis of calcite and k-feldspar containing in lime and bentonite, respectively. The observed geoplymerisation is mainly controlled by pH and the amounts of Ca, Al, Na and Si of the aggregate added to bentonite. The formation of new hydrated crystalline phases and gel occurs in alkaline condition with low Na and Ca amount (Ca/Si and Na/Si < 0.1). The lime addition increased the Ca/Si and Na/Si ratios, causing cementation due to the CSH gel development on the grain surface of montmorillonite. While, PG decreases the Si/Al ratio and leads to the formation of CSH gel and strätlingite.
